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THE EVOLUTION OF SEXUAL SIZE DIMORPHISM IN THE HOUSE FINCH.
1. POPULATION DIVERGENCE IN RELATION TO LOCAL SELECTION
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Abstract.—Recent colonization of ecologically distinct areas in North America by the house finch (Carpodacus mex-
icanus) was accompanied by strong population divergence in sexual size dimorphism. Here we examined whether this
divergence was produced by population differences in local selection pressures acting on each sex. In a long-term
study of recently established populations in Alabama, Michigan, and Montana, we examined three selection episodes
for each sex: selection for pairing success, overwinter survival, and within-season fecundity. Populations varied in
intensity of these selection episodes, the contribution of each episode to the net selection, and in the targets of selection.
Direction and intensity of selection strongly differed between sexes, and different selection episodes often favored
opposite changes in morphological traits. In each population, current net selection for sexual dimorphism was highly
concordant with observed sexual dimorphism—in each population, selection for dimorphism was the strongest on the
most dimorphic traits. Strong directional selection on sexually dimorphic traits, and similar intensities of selection in
both sexes, suggest that in each of the recently established populations, both males and females are far from their
local fitness optimum, and that sexual dimorphism has arisen from adaptive responses in both sexes. Population
differences in patterns of selection on dimorphism, combined with both low levels of ontogenetic integration in
heritable sexually dimorphic traits and sexual dimorphism in growth patterns, may account for the close correspondence
between dimorphism in selection and observed dimorphism in morphology across house finch populations.
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Patterns of population variation play an important role in
evolutionary diversification, and many insights into evolu-
tionary processes have come from studies of within-species
variation. Traditionally, the mechanisms behind population
divergence have been examined by taking either direct or
indirect approaches. The indirect approach involves the com-
parison of phenotypic and genetic variance-covariance struc-
tures to infer the roles of drift and selection in population
divergence (Lofsvold 1988; Turelli 1988; Cheverud 1989;
Baker 1992; Bjorklund 1994; Schluter 1996; Merila and
Bjorklund 1999; Arnold and Phillips 1999; Roff and Mous-
seau 1999; reviewed in Roff 2000). Specifically, temporal
and spatial constancy or proportionality of covariance struc-
ture among populations is expected under evolution by ge-
netic drift (Lande 1980a; Lofsvold 1988; Roff 2000), but
distinct covariance patterns should result from divergent di-
rectional selection (Lande 1985; Riska 1985; Kohn and Atch-
ley 1988; Zeng 1988; Shaw et al. 1995). Under the assump-
tion of homogeneous genetic variance-covariance matrices it
is possible to use observed morphological differences among
populations to reconstruct the historical patterns of selection
responsible for divergence (e.g., Price and Grant 1985; Grant
and Grant 1995; Cheverud 1996; Roff and Fairbairn 1999).
In contrast, the direct approach to the study of population
divergence involves the comparison of current phenotypic
selection to observed morphology in several populations
(e.g., Schluter and Grant 1984; Grant and Grant 1989; Endler
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1995). In this approach, differences in local selection pres-
sures found among populations are then related to observed
morphological divergence (e.g., Grant and Grant 1989, 1995;
Merila et al. 1994).

These two approaches to the study of morphological di-
vergence also have been used in studies of sexual dimor-
phism. Sexual dimorphism can evolve when there are dif-
ferences in sex-specific selection pressures, sex-biased phe-
notypic and genetic variation, or genetic correlation between
sexes (Darwin 1871; Ralls 1976; Lande 1980b; Slatkin 1984;
Arak 1988; Shine 1989; Moore 1990; reviewed in Andersson
1994). Thus, to reveal mechanisms behind variation in di-
morphism, researchers have used comparative studies to ex-
amine morphology in species and populations where sexes
were expected to differ in any of these factors (e.g., Cheverud
et al. 1985; Rising 1987; Webster 1992; Promislow et al.
1994; Martin and Badyaev 1996; Andersen 1997; Badyaev
1997a,b; Lindenfors and Tullberg 1998; Masterson and Har-
twig 1998; reviewed in Badyaev and Hill 1999). In another
approach, researchers compared phenotypic selection on the
sexes and variation in sexual dimorphism in different pop-
ulations (e.g., Johnston and Fleischer 1981; Price 1984a,b;
Weatherhead et al. 1987; Fairbairn and Preziosi 1996; Powell
and King 1997; Wikelski and Trillmich 1997). The strongest
inference about the mechanisms behind population diver-
gence is provided by studies that employ both comparative
and direct approachesto the study of sexual dimorphism (e.g.,
Price 1984a,b; Bjorklund and Lindén 1993; Preziosi and Fair-
bairn 1996; Ferguson and Fairbairn 2000).

Sexual dimorphism is generally interpreted as being the
outcome of sexual selection. Within populations, however,
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stronger selection for sexual dimorphism is not always as-
sociated with greater dimorphism. For instance, sexual se-
lection favoring dimorphism can be opposed by natural se-
lection on the same traits (e.g., Howard 1981; Price 1984a,b;
Weatherhead et al. 1987; Katsikaros and Shine 1997; Powell
and King 1997; Badyaev and Martin 2000a), by selection on
closely correlated traits in the opposite sex (Lande 1980b;
Reeve and Fairbairn 1996), or by selection during different
life stages of the organism (e.g., Schluter and Smith 1986;
Merila et al. 1997; reviewed in Schluter et al. 1991). Thus,
long-term studies of phenotypic selection on each sex over
several episodes of selection and on several traits are espe-
cially valuable for examining mechanisms behind variation
in sexual dimorphism.

We studied the evolution of sexual size dimorphism in a
small passerine bird—the house finch (Carpodacus mexican-
us). House finches are native to western North Americafrom
southern Oregon and southern Wyoming south to Oaxaca,
Mexico (Hill 1993a). Over the last few decades, house finches
have greatly expanded their range, spreading north from the
central Rockies into Montana, and spreading across eastern
North America from a small introduced population in New
Y ork (Badyaev and Hill 2000). Newly established house finch
populations now occupy regions that are climatically and
ecologically distinct (Hill 1993a).

Previous studies of these recently established populations
revealed rapid and extensive among-population divergence
in sexual size dimorphism (Hill 1993a; Badyaev and Martin
2000a; Badyaev and Hill 2000). Within-population genetic
and phenotypic covariance structure had limited effect on the
direction and rate of population divergence, and the evolution
of covariance structure was very different for the two sexes
(Badyaev and Hill 2000). These results suggest that diver-
sifying local selection pressures are the likely mechanism
behind the population divergence (Lande 1985; Riska 1985).
However, differences in the selection pressures for sexual
dimorphism in the various populations and the effects of such
selection on expression of dimorphism have never been di-
rectly established. Here, we use data from three geographi-
cally separated, individually marked, and resident house finch
populations over four years and through several episodes of
selection, to examine whether among-population differences
in current net selection on each sex is associated with among-
population variation in sexual size dimorphism.

This paper consists of three parts. First, for each popula-
tion, we describe patterns of sex-specific selection in relation
to success at obtaining a mate (pairing selection), within-
season fecundity (fecundity selection), and overwinter sur-
vival (survival selection). Second, we examine the concor-
dance between current net selection for sexual dimorphism
(i.e., differencesin net selection pressures between males and
females) and observed sexual dimorphism in each population.
Finally, we discuss mechanisms that may enable populations
to divergein sexual dimorphism inresponseto differinglocal
selection that populations experience.

METHODS
Data Collection

This study was carried out in three recently established
resident house finch populations—in Ann Arbor, southeast-
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ern Michigan (hereafter Michigan, in 1988-1991); in Auburn,
east-central Alabama (Alabama, 1993-1997); and in Mis-
soula, northwestern Montana (Montana, 1995-1999). Mich-
igan and Alabama populations were 10-15 years old and the
Montana population was 25-30 years old at the time they
were studied (Badyaev and Hill 2000). For detailed descrip-
tion of the study sites and field techniques in Michigan pop-
ulation see Hill (1993b); in Alabama population, Hill et al.
(1999); in Montana population, Badyaev and Martin
(2000a,b). Here we summarize the most essential details of
data collection and selection measurements. A total of 6382
resident finches were trapped during January—March and Au-
gust—October, measured and marked with a unique combi-
nation of one aluminum and three colored plastic rings. All
captured individuals were aged as hatching-year birds and
after-hatching-year birds (hereafter adults) according to Hill
(1993a), and only adult resident birds were used in this study.
Every year, all resident birds were individually marked in
the Montana study site (Badyaev and Martin 2000a), and
about 90% were marked in both the Michigan and Alabama
study sites (Hill et al. 1999).

House finches form strong pair associations, and pairing
status of individuals is easily determined from the beginning
of the breeding season (e.g., Hill et al. 1999; Badyaev and
Martin 20004). A bird was considered not paired when it was
aresident at the study site from the beginning of the breeding
season, but was never seen with a mate. Only birds that were
present at the study sites from the beginning of the breeding
season were used in the analyses of pairing selection. In
populations used in this study, extra- pair fertilizations do
not exceed 6-7% (Hill et al. 1994; A.V. Badyaev and P.O.
Dunn, unpubl. obs). Either loss of within-pair paternity or
gain of extra-pair paternity was not associated with any mor-
phological traits under this study (ibid.), and thus do not bias
our estimates of pairing success and fecundity.

Strong fidelity of adult house finches to the location of
previous breeding (Hill 1991, 1993a; Hill et al. 1999; Bad-
yaev and Martin 2000a) allowed us to assign overwinter sur-
vival status to the resident birds. A bird was considered to
have‘‘survived’ when it was abreeding adult in the previous
summer and was seen the following year after March. A
breeding adult that did not appear in the study site the fol-
lowing year was assigned ‘‘did not survive'’ status. The re-
liability of this method was confirmed in a long-term study
of the house finch population in Montana, where most of
individuals that died during winter were found within the
study site (for details, see Badyaev and Martin 2000a).

Most nests were found at the stage of early nest building,
and first-egg date was reliably determined for all breeding
pairs. Nest initiation date is the most important predictor of
within-season fecundity in the house finch, and pairs that nest
earliest produce more broods and have larger clutch sizes
than pairs that nest later (e.g., Hill et a. 1994). Thus, we
used a product of the standardized first-egg Julian date and
the first clutch size as a measure of fecundity. We assigned
a breeding bird a ‘‘high fecundity’’ status if its fecundity
was higher than the median for the population in a given
breeding season. ‘‘Low fecundity’’ status was assigned if the
within-season fecundity measure was lower than the median.
We used categorical classification of fecundity to facilitate
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comparison between sel ection episodes and the levels of sex-
ual dimorphism in finches (see below). To avoid pseudore-
plication, for all selection analyses we used datafor only one
year of residence at the study site per bird. Thus, our selection
estimates (below) are not confounded by age-related changes
in pairing success or fecundity.

We measured: bill length from anterior end of nostril to
the tip of upper mandible; tarsus length (left and right); wing
(right, flattened); tail; and body mass. To estimate measure-
ment error, all morphological measures were repeated twice
(i.e., four timesfor the bilateral traits) in the Montanasample.
In al populations the average of all available repeated mea-
sures was used for further analyses. Because the measure-
ments of fully grown adult finches were taken during ap-
proximately two month episodes in the prebreeding season,
the effects of seasonal variation were minimized. Within-
capture session measurement error estimated from a one-way
ANOVA accounted for about 7-10% of variation in most
morphological traits, and for 18% of variation in body mass
in the Montana population (Badyaev and Martin 2000a). All
linear data were In-transformed, body mass was cube-root
transformed, and all data were zero-mean standardized before
the analyses.

Description of Dimorphism and Selection

To evaluate the concordance between current selection and
observed sexual dimorphism, we needed a method that allows
similar scaling and direct comparisons of these values. To
this end, we used two techniques. First, to facilitate com-
parisons with other studies, for each trait we report stan-
dardized differences between sexes and conventional direc-
tional selection differentials. Because sexes did not differ in
phenotypic variance across studied popul ations (Badyaev and
Hill 2000), standardized sexual dimorphism for each trait was
calculated as a difference between male and female values
divided by a square root of the pooled variance. The stan-
dardized selection differentials were calculated for each trait
as a difference in standardized values between ‘‘before’’ se-
lection (i.e., trait value for all birds before either breeding
season or winter) and *‘after’’ selection (i.e., trait values of
either paired, high fecundity, or surviving birds), divided by
a square root of the before-selection variance (e.g., Endler
1986). Both sexual dimorphism and selection differentials
were in the units of standard deviation.

However, for structural and intercorrelated traits such as
those examined in this study (e.g., tarsus, wing, and tail) the
first method confounds differences in overall size of indi-
viduals with differencesin size-independent variation in each
trait (i.e., ‘‘shape’’); it is biologically more appropriate to
describe trait variation in size and shape factors (Wright
1923; Crespi and Bookstein 1989). Thus, we also used path
analysis to examine both sexual dimorphism and selection
on morphology (e.g., Bjorklund and Linden 1993). Tests for
homogeneity of trait covariances showed no significant dif-
ferences between male and femal e matrices (e.g., x2 = 23.31,
df = 28, P = 0.72; Badyaev and Martin 2000a). Therefore,
pooled matrices were used in further analyses. We extracted
the first eigenvector of the pooled covariance matrix; this
vector was referred to as general size in subsequent analyses.
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Sexual dimorphism in shape factors was the difference in
|east-squared means of each trait calculated from ANCOVA
of sex and each trait with general size and year as covariates
(Bjorklund and Linden 1993, Badyaev and Martin 2000a).
We arbitrarily assigned positive signs to traits for which
maleswerethelarger sex or for which selection favored larger
values in males (see below) and negative signs for traits for
which females were the larger sex or for which selection
favored larger values in females.

Similarly, we calculated directional selection differentials
as the differences in adjusted means between groups (i.e.,
paired vs. single males) from ANCOV A with selection group,
year, and each trait (Crespi and Bookstein 1989). Calcula-
tions were made separately for each sex. As above, general
size and year were used as covariates for estimating selection
differentials on shape factors. Means were compared with
two-tailed t-tests. For ease of the interpretation, we also pre-
sent raw morphological data for selection in all populations.
Net selection on each sex was a sum of signed directional
selection differentials for pairing, fecundity, and survival se-
lection. In addition, for each selection episode we cal culated
a differential of selection for sexual dimorphism as a differ-
ence between selection on males and females. For example,
pairing selection differential of (—0.25) on female wing
length and pairing selection differential of (+0.50) on male
wing length would result in pairing selection of (+0.75) for
dimorphism in wing length. Thus, net selection for sexual
dimorphism was the sum of signed selection differentialsfor
both sexes for each selection episode.

The use of the same model to describe both sexual di-
morphism and current selection enabled us to directly esti-
mate the concordance between current morphology and se-
lection. For example, if current selection favors increased
sexual dimorphism, the difference in selection differentials
between males (larger sex) and females (smaller sex) should
be positive; whereas, if current selection favored decreased
dimorphism, the difference in selection differentials between
the larger and smaller sex should be negative (Crespi and
Bookstein 1989; Bjorklund and Lindén 1993; Badyaev and
Martin 2000a). In addition, if current selection favors greater
dimorphism, then for each trait we should find a positive
correlation between the magnitude of difference in selection
differentials between sexes and magnitude of sexual dimor-
phism. A negative or no correlation is expected when current
selection favors monomorphism (Bjorklund and Lindén
1993) or selection is not acting on sexually dimorphic traits.

REsuLTS

Population Differences in Sexual Dimorphism and
Phenotypic Selection

Populations strongly differed in sexual dimorphism and
the direction of dimorphism was often reversed among pop-
ulations (Fig. 1; Population: all Fs > 23.0, P < 0.001), but
there were some general patterns. In all populations, males
were significantly larger than females (Tables 1-4); the Al-
abama population had the highest and the Montana popul a-
tion had the lowest sexual dimorphism in size. When di-
morphism in general size was accounted for, males in all
populations had disproportionately longer wings and were
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disproportionately lighter compared to females (Table 4).
However, the degree of dimorphism in these traits varied
among populations. For example, the sexes were the most
different in the relative body mass in Michigan, and they
were the most similar in relative body massin Montana. The
sexes were most different in relative bill length in Alabama,
and they were least different in Montana. Moreover, sexual
dimorphism in relative tail and tarsus length was often re-
versed among populations (Fig. 1; sex X population inter-
action for tail: F = 10.58, P < 0.0001; and tarsus: F = 16.22,
P < 0.0001). Males had disproportionately longer tails for
their size than femal esin the Michigan population, but shorter
tailsin the Montana and, especially, the Alabamapopulations
(Table 4). Similarly, males had disproportionately longer tar-
si than females in Alabama and Michigan, but shorter tarsi
in Montana (Table 4). Overall, aside from general size and
body mass dimorphism, Alabama finches were the most di-
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morphic in bill and wing length, Michigan finches were the
most dimorphic in tail length, and Montana finches were the
most dimorphic in wing length (Table 4).

In al populations and in both sexes, selection favored
change in morphology with respect to all three episodes of
selection that we measured: pairing success, overwinter sur-
vival, and within-breeding season fecundity (Tables 1-4). In
Michigan, fecundity selection exerted the strongest effects
on morphology (Tables 1, 4, 5). In males, fecundity selection
favored greater size, longer wings and tails, shorter bill and
tarsus, and smaller body mass (Tables 4, 5). In females, fe-
cundity selection primarily favored changes in morphology
in the opposite direction: decrease in general size, tail and
tarsus length, but increase in bill length and body mass (Ta-
bles 1, 4, 5). In males, paired individuals were larger and
had disproportionately longer wings and tails compared to
unpaired individuals (Tables 1, 4, 5), but the effects of pairing
selection were small (Table 4, see below). Survival selection
favored smaller size and shorter tarsi in both sexes, as well
as longer bills and tails in males, but not females (Table 4).
Net selection for dimorphism (Tables 4, 5) favored significant
dimorphism in general size and relative tail length (males
larger), as well as an increase in body mass dimorphism
(females larger; Tables 4, 5).

In Alabama, survival selection favored the greatest changes
in morphology (Tables 2, 4, 5). Survival selection favored
decrease in general size in both sexes, as well aslonger bills,
tails, tarsi, and greater mass in males and the opposite chang-
esinfemales (Tables 4, 5). Fecundity selection favored great-
er size, longer wings, shorter bill and tail, and greater mass
in males, but the opposite changes in females (Tables 4, 5).
Paired males were larger and had longer tails compared to
single males (Tables 2, 4, 5). Net selection for dimorphism
favored significant increase in size dimorphism and body
mass dimorphism (males larger), as well as relative bill and
wing lengths (females larger; Tables 4, 5).

In Montana, pairing and fecundity selections exerted the
most pressure on morphology (Tables 4, 5). Paired males
were larger and had longer wings than single males, while

TaBLE 1. Morphology, (mean [SD]) of Michigan house finches with respect to pairing success, fecundity, and overwinter survival in 1988—

1991.
Pairing Fecundity Survival
Trait Paired Single High Low Survived Nonsurvived
Males
n 206 397 40 39 136 211
Bill length 8.70 (0.35) 8.65 (0.36) 8.73(0.39) 8.77 (0.35) 8.64 (0.36) 8.62 (0.36)
Wing length 80.44 (1.97) 80.13 (1.92) 81.30(1.99) 80.14 (1.99) 78.00 (1.98) 78.20 (2.05)
Tail length 59.90 (2.23) 59.36 (2.13) 60.70 (2.51) 59.32 (2.19) 59.41 (2.02) 59.45 (2.26)
Tarsus length 17.13 (0.60) 17.14 (0.66) 17.05 (0.73) 17.12 (0.75) 16.97 (0.71) 17.17 (0.69)
Body mass 21.55 (1.27) 21.42 (1.19) 21.71(1.10) 21.75 (1.23) 21.52 (1.27) 21.52 (1.20)
Females
n 402 0 35 31 81 107
Bill length 8.68 (0.34) — 8.65 (0.38) 8.62 (0.30) 8.63 (0.36) 8.67 (0.36)
Wing length 77.87 (1.89) — 78.71 (1.41) 78.48 (1.75) 76.69 (1.93) 76.60 (2.21)
Tail length 57.76 (2.58) — 58.01 (1.92) 59.07 (2.01) 57.66 (2.27) 58.14 (3.39)
Tarsus length 17.19 (0.61) — 17.02 (0.60) 17.17 (0.57) 16.99 (0.65) 17.12 (0.63)
Body mass 22.12 (1.46) — 22.92 (1.33) 22.53 (1.75) 22.53 (1.61) 22.25 (1.40)

1 Mean trait values shown in bold indicate significant difference between groups (e.g., paired vs single) after within-selection group adjustments for multiple

comparisons.
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TABLE 2. Morphology, (mean [SD]) of Alabama house finches with respect to pairing success, fecundity, and overwinter survival in 1993—

ALEXANDER V. BADYAEV ET AL.

1997.
Fecundity Survival
Trait Paired Single High Low Survived Nonsurvived
Males
n 96 157 45 46 78 94
Bill length 8.93 (0.34) 8.72 (0.39) 8.70 (0.36) 8.81 (0.28) 8.93 (0.70) 8.94 (0.51)
Wing length 80.18! (2.13) 79.64 (1.81) 81.54 (1.39) 79.55 (2.24) 78.63 (1.80) 79.96 (2.23)
Tail length 60.72 (2.16) 59.36 (2.39) 60.92 (1.61) 59.43 (2.67) 59.15 (3.35) 58.74 (2.88)
Tarsus length 17.19 (0.68) 16.95 (0.72) 17.05 (0.80) 16.06 (0.54) 17.63 (1.20) 17.58 (0.85)
Body mass 20.69 (1.77) 20.17 (1.29) 20.82 (1.28) 20.29 (1.22) 20.61 (1.14) 20.29 (1.50)
Females
n 128 0 31 39 45 46
Bill length 8.78 (0.37) — 8.91 (0.29) 8.67 (0.33) 8.99 (0.31) 9.31 (0.65)
Wing length 77.13 (2.02) —_ 77.02 (1.89) 77.90 (1.69) 78.32 (1.77) 77.92 (1.68)
Tail length 57.49 (2.68) — 59.00 (2.93) 58.00 (2.55) 58.31 (1.87) 59.21 (2.13)
Tarsus length 16.80 (0.65) —_ 16.94 (0.71) 16.46 (0.76) 17.07 (0.72) 17.38 (1.55)
Body mass 20.22 (1.36) — 20.65 (1.38) 20.94 (1.53) 19.73 (1.53) 20.35(1.39)

1Same as in Table 1.

the differences were reversed for females (Tables 3-5). Sim-
ilarly, fecundity selection favored larger size, longer wings,
and greater mass in males, but the opposite changes in fe-
males. Survival selection favored smaller size in males and
larger size in females, but favored mostly similar changes
between sexes for the remaining traits (Tables 4, 5). Net
selection favored greater dimorphism in general size, relative
wing length, and body mass (males larger; Tables 4, 5).

Overall, populations varied in both patterns of sexual di-
morphism and current selection pressures;, populations
strongly differed in the targets of and the intensity of episodes
of selection on morphological traits.

Current Selection in Relation to Sexual Dimorphism

In all populations, net selection for dimorphism was highly
concordant with observed sexual dimorphism; the most di-
morphic traits were the subject of the most intense current
selection (Table 4). For example, in Michigan, pairing and

fecundity selections favored increase in dimorphism in tail
length, and tail length was the most dimorphic *‘shape’’ trait
in that population (Table 4, Fig. 2). Similarly, in Montana
net selection for dimorphism was the strongest for wing
length, and wing length was the most dimorphic ‘‘shape’’
trait in that population. In Alabama, net selection favored
sexual dimorphism in general size, wing and tail, and these
were the most dimorphic traits in that population (Tables 4,
5; Fig. 2).

The concordance between net selection for dimorphism and
observed dimorphism was highest in the Michigan population
(Kendall’s coefficient of correlation: r = 0.94, P < 0.001),
followed by the Montana (r = 0.63, P = 0.003) and Alabama
(r = 0.40, P = 0.06; Fig. 2) populations. In all populations,
pairing and fecundity selections were similar and, with the
exception of the Michigan population, favored changes op-
posite of those favored by survival selection (Tables 4, 5;
Fig. 2).

TaBLE 3. Morphology, (mean [SD]) of Montana house finches with respect to pairing success, fecundity, and overwinter survival in 1995—

1999.
Pairing Fecundity Survival
Trait Paired Single High Low Survived Nonsurvived
Males
n 117 101 81 81 108 63
Bill length 8.52 (0.77) 8.15 (1.03) 8.80 (0.30) 7.99 (0.89) 8.28 (0.92) 8.42 (0.82)
Wing length 80.35! (1.56) 78.74 (1.70) 81.04 (1.30) 79.12 (1.56) 79.69 (1.65) 80.02 (1.54)
Tail length 50.62 (4.03) 58.50 (2.44) 60.92 (2.08) 57.58 (5.33) 59.59 (3.11) 58.70 (4.25)
Tarsus length 17.14 (0.91) 17.41 (0.81) 17.03 (0.88) 17.57 (1.00) 17.32 (0.95) 17.12 (0.77)
Body mass 21.34 (1.35) 22.32 (1.76) 22.43 (1.07) 21.10 (1.65) 21.91 (1.68) 21.54 (1.45)
Females
n 118 71 81 78 59 61
Bill length 8.22 (0.77) 8.60 (0.82) 8.56 (0.51) 8.09 (0.80) 8.58 (0.75) 7.89 (0.87)
Wing length 76.00 (1.70) 77.98 (1.69) 76.01 (1.98) 77.95 (1.54) 78.29 (1.76) 76.15 (2.17)
Tail length 56.03 (3.42) 57.98 (2.56) 57.86 (2.34) 56.21 (3.68) 57.78 (3.26) 56.30 (3.79)
Tarsus length 17.00 (0.87) 17.28 (0.70) 16.82 (1.03) 16.98 (0.94) 17.84 (0.83) 17.01 (0.85)
Body mass 22.39 (1.59) 22.23 (1.54) 22.27 (1.27) 22.08 (1.61) 22.00 (1.05) 22.71 (1.92)

1Same as in Table 1.
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TaBLE 4. Sexua size dimorphism (SSD1) and directional selection for pairing success, breeding season fecundity, and overwinter survival
in the house finches, when overall size and shape are extracted for each trait (path analyses methods). Values are differences between sexes
and between groups? (e.g., paired vs. single) in the size and shape factors. All values were multiplied by 102

Fecundity Survival Net selection
for sexual
Trait SSD1 M F M F M F dimorphism?
Alabama
Sz4 123.73 50.68 0 13.71 —29.02 —27.05 —89.72 156.08
BL —-1.47 —-0.19 0 —-1.01 1.63 1.06 —0.38 —-1.39
WL 1.45 0.10 0 0.43 —0.60 —0.53 1.35 —-0.75
TL —0.62 0.82 0 —1.02 1.69 0.15 -1.29 —0.45
TR 0.85 —0.64 0 0.13 1.05 0.62 —-0.10 —0.84
BM —3.03 —-0.78 0 2.15 —-3.29 0.65 —1.33 6.67
Michigan
SZ 97.12 38.06 0 57.93 —7.95 —-11.29 —-8.22 101.41
BL —-1.19 0.20 0 —0.82 0.48 0.40 —-0.28 —0.42
WL 1.17 0.12 0 0.57 0.26 -0.11 0.18 0.14
TL 1.40 0.21 0 0.97 —-141 0.19 —-0.51 3.02
TR 0.92 —0.42 0 -0.81 —0.59 —0.86 —0.36 —-1.14
BM —-4.73 0.10 0 —-1.37 1.71 0.19 1.12 —-3.91
Montana
Sz 89.44 73.27 —17.34 43.53 —37.18 —26.58 34.99 109.75
BL -0.25 —-0.92 —1.54 —0.63 -0.12 —0.96 0.36 —-1.21
WL 1.22 0.95 —1.18 0.63 —-0.72 0.16 0.50 3.14
TL -0.18 -0.14 —0.36 —1.69 —-1.75 0.91 0.86 0.33
TR —0.86 —-0.35 —0.37 0.05 —-0.34 0.25 1.07 —-0.41
BM —1.66 —0.01 3.22 1.42 —-0.99 -1.07 —-2.82 0.93

1 Dimorphism in size is the difference between sexes in the first eigenvector values of the pooled covariance matrices for all traits; dimorphism in shape factors
is the difference in adjusted means of each trait calculated from ANCOVA of sex and each trait with general size and year as covariates. Bold values indicate
significance after the table-wide Bonferonni adjustments.

2Directional selection differentials, for each sex, are the differences in adjusted means between groups (i.e., paired vs. single males) from ANCOVA with
selection group, year, and each trait, with general size and year as covariates (for shape factors).

3 Net selection for SSD is the sum of signed selection differentials for both sexes for each selection episode.
4SZ, general size; BL, bill length; WL, wing length; TL, tail length; TR, tarsus length; BM, body mass.

The direction of selection on sexually dimorphic traits was
generally reversed between males and females (Tables 4, 5).
However, the intensity of selection did not differ between
sexes. For example, selection differentials for fecundity and
survival selections (Table 5) were similar between males and

females across all populations (pairwiset = 1.36, P = 0.18),
within each population (i.e., Michigan, t = 0.91, P = 0.38;
Alabama, t = 1.51, P = 0.18; Montana, t = 0.21, P = 0.83),
and for each selection episode (fecundity, t = 1.49, P = 0.14;
survival t = 0.007, P = 0.99, Table 5). In Michigan and

TaBLE 5. Standardized sexual size dimorphism (SSD2) and selection differentials for three episodes of selection in the house finches for each
trait (univariate analyses). Bold indicates significant difference from zero. All values are in standard deviations. Trait abbreviations as in Table 4.

Pairing Fecundity Survival Net selection
for sexual
Trait SSD2 M F M F M F dimorphism
Alabama
BL +0.26 +0.07 0 —-0.11 +0.27 -0.01 -0.34 0.02
WL +1.11 +0.26 0 +0.14 -0.22 -0.12 -0.15 0.65
TL +0.67 +0.45 0 -0.13 +0.31 +0.06 —-0.27 0.34
TR +0.62 +0.00 0 —-0.09 +0.16 +0.03 —-0.47 0.25
BM +0.20 +0.06 0 +0.07 -0.12 -0.13 —-0.27 0.39
Michigan
BL +0.20 +0.10 0 —-0.09 +0.04 +0.03 —0.06 0.06
WL +0.70 +0.42 0 +0.50 -0.07 —0.08 —-0.03 0.94
TL +1.07 +0.37 0 +0.35 —-0.20 —0.00 -0.11 1.33
TR —-0.03 +0.01 0 —-0.05 -0.11 -0.21 -0.12 —0.02
BM —-0.52 +0.11 0 —-0.01 +0.15 —0.00 +0.13 —-0.18
Montana
BL +0.23 +0.05 —-0.18 —-0.07 —-0.24 —0.09 —-0.02 0.33
WL +0.92 +0.75 —-0.69 +0.34 -0.33 —-0.04 +0.46 1.61
TL +0.36 +0.05 —-0.25 —-0.07 —-0.18 +0.03 +0.07 0.37
TR —-0.21 —0.09 -0.11 —-0.05 —-0.24 —0.00 +0.19 0.02
BM —-0.12 —0.02 +0.14 +0.14 —-0.24 —0.08 —-0.10 0.24
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SEXUAL DIMORPHISM IN CURRENT SELECTION

Fic. 2. Plotsillustrating the relationship between sexual dimorphism in current selection pressures and the observed sexual dimorphism
in morphology for three populations of the house finch (M1, Michigan; AL, Alabama; and M T, Montana). Sexual dimorphism in morphology
is the rank of sex differences in measurements. Sexual dimorphism in selection pressures is the rank of sex differences in selection
pressures for each selection episode—selection for (a) pairing success, (b) high breeding season fecundity, (¢) overwinter survival, and
for (d) net selection for sexual dimorphism—the sum of signed selection differentials for both sexes for each selection episode.

Alabama populations, all females were paired (i.e., there was
no pairing selection on femal es based on morphology). How-
ever, in the Montana population, where pairing selection on
females is significant (Table 3), pairing selection pressures
were similar for males and females (Table 4). Thus, in al
populations, both sexes appear to be equally far from their
fitness optima; net selection for dimorphism results from se-
lection pressures that are similar in magnitudes but of op-
posite direction for the two sexes.

Discussion

Theory predicts that variation in sexual dimorphism will
be the result of the combined effects of differences in sex-
specific selection pressures, sex-biased phenotypic and ge-
netic variation, and genetic correlation between sexes (Lande
1980b). Thus, divergence in sexual dimorphism among taxa
can be accounted for by differencesin phenotypic and genetic
variation in sex-specific morphology and selection pressures
(e.g., Leutenegger and Cheverud 1982; Cheverud et al. 1985;

Rising 1987; Webster 1992; Andersen 1997; Katsikaros and
Shine 1997; Lindenfors and Tullberg 1998; reviewed in Bad-
yaev and Hill 1999). Here we documented that recently es-
tablished house finch populations differed in patterns of sex-
specific selection, including the targets and intensity of se-
lection, and they varied in the relative contribution of dif-
ferent selection episodes to net selection on morphological
traits. We also showed that in each population, the patterns
of observed sexual dimorphism and current net selection for
dimorphism are highly concordant; net selection for dimor-
phism is strongest on the most dimorphic trait (Fig. 2).

To understand the potential mechanisms behind these pat-
terns, we need to address several questions. First, does net
selection for dimorphism primarily result from selection on
males, females, or both sexes? Second, what are the ecolog-
ical differences among populations or other factors behind
population variation in relative importance of selection ep-
isodes (e.g., survival versus fecundity selections). Finally,
what are the phenotypic and genetic mechanisms enabling
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house finches to achieve close concordance between dimor-
phism in selection and dimorphism in morphology in each
population?

In each house finch population, variation in sexually di-
morphic traits in both sexes had strong fitness consequences
(Tables 1-5), and the direction of morphological changes
favored by net selection was often opposite for males and
females (Tables 4, 5; see also Ralls 1976; Price 1984&;
Weatherhead et al. 1987; Arak 1988; Moore 1990; Martin
and Badyaev 1996; Wikelski and Trillmich 1997). For ex-
ample, in Alabama, fecundity selection favored shorter bills
inmales but longer billsinfemales (Tables 2, 4); in Michigan,
fecundity selection favored longer tails in males but shorter
tail in females (Tables 1, 4). However, selection intensity
was not significantly different between the sexes, suggesting
that, in each population, sexual dimorphism arises from dif-
ferences in selection pressures between both males and fe-
males, and is maintained by adaptive responsesin both sexes.

The recent origins and the peripheral locations of the stud-
ied populations, as well as potential gene flow from the cen-
tral parts of the house finch range (Vazquez-Phillips 1992)
may prevent males and females from achieving optimal mor-
phology for the local ecological conditions (e.g., Garcia and
Kirkpatrick 1997; Holt and Gomulkiewicz 1997). This may
account for strong directional selection on morphology in
both sexes found in this study (e.g., selection differentials
close to one standard deviation, Table 5). Alternatively,
strong net selection on both sexes can result from local se-
lection pressures that fluctuate temporally (e.g., Benkman and
Miller 1996; Reznick et al. 1997; Badyaev and Martin 2000a).
Regardless of the mechanism, close and consistent concor-
dance between current selection and observed dimorphism
across ecologically distinct locations (Fig. 2) indicates that
variation in sexual dimorphism is adaptive in these popula-
tions.

Despite pronounced variation among populations in selec-
tion (Tables 4, 5), some patterns were common to all pop-
ulations. For example, in all populations, selection for higher
fecundity in females favored smaller females (Table 4). Sim-
ilarly, in al populations, structurally larger males had a high-
er probability of obtaining a mate, and males with longer
wings had higher within-season fecundity (Table 4). It has
been suggested previously that higher fecundity of smaller
female altricial birds arises from a physiological advantage
to small body size; smaller females reach the energetic re-
quirements for self-maintenance faster, convert agreater pro-
portion of consumed resources into reproduction, and there-
fore breed earlier (e.g., Downhower 1976; Murphy 1986). In
turn, across many bird species (e.g., Perrins 1979), including
the house finch (Hill et. al. 1994; McGraw et al. 2000; Bad-
yaev and Martin 2000a), early breeding is commonly asso-
ciated with greater within-season fecundity.

The general concordance between the changes favored by
pairing selection and the changes favored by fecundity se-
lection on males (Fig. 2a,b) suggests that females (a selective
agent for pairing selection on males) may discriminate among
males based on morphological traits that enhance fecundity.
Because male house finches do not defend breeding territories
or participate in nest building (Hill 1993a), these phenotypic
benefits are most likely related to male provisioning of fe-
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males during incubation and brooding (Hill 1991). Indeed,
structurally larger males provisioned nestlings and females
more often than smaller males (A. Badyaev, unpubl. obs.).
At the sametime, in all populations, structurally larger males
suffered lower overwinter survival than smaller males (Table
4). Similarly, in the Montana population, strong pairing and
fecundity selection for smaller size in females may be par-
tially offset by survival requirements; survival selection in
Montana favored larger females (Tables 3, 6; see also Price
1984b; Price and Grant 1984; Wikelski and Trillmich 1997).

The populations differed in the contribution that different
episodes of selection made to overall net selection (e.g., Fig.
2). For example, in the Michigan population, observed sexual
dimorphism was most concordant with patterns favored by
selection for higher fecundity, while patterns of dimorphism
in survival selection pressuresdid not correlate with observed
dimorphism (Fig. 2). On the contrary, in the Montana pop-
ulation, changes in dimorphism favored by survival selection
closely negatively correlated with observed dimorphism (Fig.
2). Given substantial differences in ecological conditions
among populations, it is not surprising that the relative im-
portance of selection episodes differed. Within-population
experimental studies are needed to identify the exact eco-
logical, behavioral, and physiological factors behind differ-
ences in selection pressures.

The important question is how does the concordance be-
tween dimorphism and selection arise in the house finch pop-
ulations? Of special interest is an apparent conflict between
rapid phenotypic changes in sexual dimorphism (Fig. 1; Bad-
yaev and Hill 2000) and the lack of sex-biased phenotypic
and genetic variance in morphology of adult house finches
(A. Badyaev, L. Whittingham, and G. Hill, unpubl. data). In
the house finch, as in other avian studies (Price 1984a; Price
1996), between-sex genetic correlations for morphological
traits are close to one. Therefore, short-term evolutionary
change in sexual dimorphism should be strongly constrained
(e.q., Price 1996; Merila et al. 1998), and the slow evolution
of dimorphism should result in the lack of fit between current
ecological conditions and the expression of dimorphism (e.g.,
Rogers and Mukherjee 1992). These predictions are contrary
to both the extensive and rapid divergence in sexual dimor-
phism (Hill 1993a; Badyaev and Hill 2000) and the close
concordance between current selection and current appear-
ance that we observed among house finch populationsin this
study (see also Badyaev and Martin 2000a).

Sexual dimorphism in ontogenetic patterns (M asterson and
Leutenegger 1992; Richtsmeier et al. 1993; Leigh and Shea
1996) could provide asolution to this puzzle. While evolution
of sexual dimorphism in adults may be constrained by genetic
correlations between sexes (Lande 1980b), selection acting
on developmental time or other aspects of growth trajectories
can strongly affect sexual dimorphism, even in the presence
of high between-sex genetic correlations (e.g., Reeve and
Fairbairn 1996; Badyaev et al. 2001). In Montana house
finches, sexes strongly differed in growth rates, growth du-
ration, and selection pressures during ontogeny (Badyaev et
al. 2001). Thus, population differences in either growth pat-
terns or selection during growth could produce substantially
different levels of sexual dimorphism over short periods of
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time (e.g., James 1983; Larsson and Forslund 1991; Cooch
et al. 1996).

In summary, our study of population variation in pheno-
typic selection for sexual dimorphism has produced three
principal results. First, populations differed in intensity of
selection episodes, the contribution of each episode to the
net selection, and in the targets of selection. Significant net
selection for sexual dimorphism in each population resulted
from differences in direction of selection on the sexes, sug-
gesting that in each of the recently-established populations,
sexual dimorphism arises from adaptive responses in males
and females. Second, in each population, current net selection
for sexual dimorphism was highly concordant with observed
sexual dimorphism; in each population, selection for dimor-
phism was the strongest on the most dimorphic traits. Finally,
population differences in patterns of selection on dimor-
phism, combined with both low levels of ontogenetic inte-
gration in heritable sexually dimorphic traits and sexual di-
morphism in growth patterns may account for the close cor-
respondence between dimorphism in selection and observed
dimorphism in morphology across house finch populations.
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